Introduction
Adult T-cell leukemia (ATL) is a highly aggressive malignancy of mature CD4 þ CD25 þ T cells etiologically associated with human T-cell leukemia virus type 1 (HTLV-1; Yamamoto and Hinuma, 1985) . HTLV-1 encodes a potent viral transactivator Tax that activates the HTLV-1 long terminal repeat (LTR) and also induces the expression of various cellular target genes, including those encoding cytokines, cytokine receptors, chemokines, cell adhesion molecules and nuclear transcriptional factors, collectively leading to the strong promotion of cell proliferation (Yoshida, 2001; Grassmann et al., 2005) . However, ATL develops after a long period of latency, usually several decades, during which oncogenic progression is considered to occur through the accumulation of multiple genetic and epigenetic changes (Matsuoka, 2003) . Furthermore, circulating ATL cells usually do not express Tax and are considered to be independent of Tax (Matsuoka, 2003) . Previously, Mori et al. have demonstrated the strong constitutive activation of nuclear factor kappa B (NF-kB) and activator protein-1 (AP-1) in primary ATL cells (Mori et al., 1999 (Mori et al., , 2000 . However, the molecular mechanisms of ATL oncogenesis still remain largely unknown.
CCR4 is a chemokine receptor known to be selectively expressed by Th2 cells, regulatory T cells (Treg) and skin-homing effector/memory T cells (Imai et al., 1999; Iellem et al., 2001; Yoshie et al., 2001) . Previously, we and others showed that ATL cells in the majority of cases are strongly positive for surface CCR4 (Yoshie et al., 2002; Ishida et al., 2003; Nagakubo et al., 2007) . Ishida et al. have also demonstrated a significant correlation of CCR4 expression with skin involvement and poor prognosis in ATL patients (Ishida et al., 2003) . Furthermore, several groups have reported that FOXP3, a forkhead/winged helix transcription factor and a specific marker of Treg (Hori et al., 2003) , is frequently expressed in ATL (Karube et al., 2004; Matsubara et al., 2005) , supporting the notion that at least a fraction of ATL cases are derived from Treg.
It is also notable that primary ATL cells express CCR4 at levels much higher than normal resting CD4 þ CD25 þ T cells (Nagakubo et al., 2007) . Given that CCR4 is not inducible by Tax (Yoshie et al., 2002) , transcription factor(s) constitutively active in ATL cells may be responsible for CCR4 expression. Here, we demonstrate that Fra-2, one of the AP-1 family members (Shaulian and Karin, 2002; Eferl and Wagner, 2003) , is aberrantly expressed in primary ATL cells. We further demonstrate that the Fra-2/JunD heterodimer plays a major role in both CCR4 expression and cell proliferation in ATL cells. Furthermore, we demonstrate that the proto-oncogenes c-Myb, BCL-6 and MDM2 (Oh and Reddy, 1999; Pasqualucci et al., 2003; Vargas et al., 2003) are the downstream target genes of the Fra-2/JunD heterodimer and are highly expressed in primary ATL cells. Thus, aberrantly expressed Fra-2 in association with JunD may be involved in ATL oncogenesis.
Results

Analysis of CCR4 promoter activity in ATL-derived cell lines
To examine the transcriptional regulation of CCR4 expression in ATL, we constructed a reporter plasmid carrying the CCR4 promoter region from À983 to þ 25 bp (the major transcriptional initiation site, þ 1) fused with the luciferase reporter gene. As shown in Figure 1a , pGL3-CCR4 (À983/ þ 25) showed much stronger promoter activities in ATL cell lines (HUT102 and ST1) than in control human T-cell lines (MOLT-4 and Jurkat). We therefore generated a series of 5 0 -truncated promoter plasmids and examined their activity in ATL cell lines. As shown in Figure 1b , the promoter region from À151 to À96 bp was the major positive regulatory region in both cell lines. The TFSEARCH program (http://mbs.cbrc.jp/research/db/ TFSEARCH.html) revealed various potential transcriptional elements in this region (Figure 1c) . To identify the actual regulatory elements, we introduced a mutation in each potential element and examined the promoter activity in ATL cell lines. As shown in Figure 1d , a mutation at the AP-1 site or the GATA-3 site significantly reduced the promoter activity. Moreover, double mutations targeting both sites further reduced the promoter activity.
Constitutive expression of Fra-2, JunB and JunD in primary ATL cells AP-1 is known to be involved in tumorigenesis (Shaulian and Karin, 2002; Eferl and Wagner, 2003) , while GATA-3 regulates Th2-type gene expression (Rengarajan et al., 2000) . Therefore, we focused on AP-1 in the subsequent study. AP-1 constitutes a heterodimer of a member of the Fos family (c-Fos, FosB, Fra-1 and Fra-2) and a member of the Jun family (c-Jun, JunB and JunD) or a homodimer of the Jun family (Shaulian and Karin, 2002; Eferl and Wagner, 2003) . Even though AP-1 was shown to be constitutively active in primary ATL cells (Mori et al., 2000) , it has not been clarified which members of AP-1 are actually Figure 1 Identification of regulatory elements in the CCR4 promoter. Cells were transfected with pSV-b-galactosidase and pGL3-basic or pGL3-basic inserted with the CCR4 promoter regions as indicated. After 24-27 h, luciferase assays were performed. Promoter activation was expressed by the fold induction of luciferase activity in cells transfected with the CCR4 promoter-luciferase constructs versus cells transfected with the control pGL3-basic. Transfection efficiency was normalized by b-galactosidase activity. Each bar represents the mean±s.e.m. from three separate experiments. (a) Selective activation of the CCR4 promoter in adult T-cell leukemia (ATL) cell lines. MOLT-4 and Jurkat: control human T-cell lines; HUT102 and ST1: ATL cell lines. (b) Deletion analysis. The promoter region from À151 to À96 bp is necessary and sufficient for reporter gene expression in the two ATL cell lines. (c) The schematic depiction of potential regulatory elements in the promoter region from À151 to À96 bp. (d) Mutation analysis. DC/EBP/Ikaros (from TCTTGGGAAA TGA to TCTTGCAAAATGA), DAP-1 (from AATGACTAAGA to AATGTCAAAGA), DPOUF3 (from CTTGGGAAATGA to CTTGGGAGGTGA), DPbx (from AAGAATCAT to AAGA CCCAT) and DGATA-3 (from TTCTATCAA to TTCTGACAA). The potential AP-1 and GATA-3 sites present within the -151 to -96 bp region are the major elements for CCR4 promoter activation in the two ATL cell lines.
Involvement of Fra-2 and JunD in ATL oncogenesis
T Nakayama et al expressed in primary ATL cells. We therefore first examined the mRNA expression of the AP-1 family members in primary ATL cells freshly isolated from patients in comparison with normal CD4 þ T cells in resting, activated and Th1/Th2-polarized conditions ( Figure 2a ). As reported previously (Yoshie et al., 2002; Nagakubo et al., 2007) , primary ATL cells consistently expressed CCR4 at levels much higher than various normal CD4 þ T-cell populations, including Th2-polarized cultured T cells. Furthermore, primary ATL cells consistently expressed Fra-2 in sharp contrast to various normal CD4 þ T-cell populations that were essentially negative for Fra-2 expression. Similar to various normal CD4 þ T-cell populations, primary ATL Involvement of Fra-2 and JunD in ATL oncogenesis T Nakayama et al cells also constitutively expressed JunD and JunB even though JunD expression appeared to be upregulated in primary ATL cells. Other members of the AP-1 family were mostly negative in primary ATL cells, while activated normal CD4 þ T cells expressed c-Fos, Fra-1 and c-Jun at high levels. There was no correlation in expression between Fra-2 and the virally encoded HTLV-1 basic leucine zipper factor HBZ or Tax in primary ATL cells. We also confirmed that Fra-2 is not inducible by Tax using JPX-9, a subline of Jurkat carrying the HTLV-1 Tax gene under the control of the metallothionein gene promoter (Nagata et al., 1989;  data not shown). Thus, the constitutive expression of Fra-2 is highly unique for primary ATL cells.
We also examined expression of the same set of genes in various human T-cell lines. As shown in Figure 2b , compared to control T-cell lines, ATL cell lines consistently expressed CCR4 and Fra-2 at high levels. ATL cell lines also expressed JunB and JunD at high levels. HTLV-1 Tax has been shown to induce various AP-1 family members (Nagata et al., 1989; Iwai et al., 2001) , which may be involved in HTLV-1 gene expression and cell proliferation (Jeang et al., 1991) . Consistently, ATL cell lines expressing Tax (H582, HUT102 and MT-1) also expressed other AP-1 family members at low levels. Cutaneous T-cell lymphomas (CTCLs) are a subset of HTLV-1-negative T-cell lymphomas resembling ATL and known to be frequently positive for CCR4 (Kim et al., 2005) . CTCL cell lines were also found to strongly express CCR4, Fra-2, JunB and JunD. Thus, the constitutive expressions of Fra-2, JunB and JunD were shared by CCR4-expressing ATL and CTCL cell lines.
We also examined the Fra-2, JunB and JunD protein expression in freshly isolated primary ATL cells and normal resting CD4 þ T cells. As shown in Figure 2c , primary ATL cells were indeed stained strongly positive for Fra-2, while normal CD4 þ T cells were totally negative for Fra-2. Primary ATL cells were also strongly positive for JunB and JunD, while normal CD4 þ T cells were variably positive for JunB and JunD at the single cell level. These results were highly consistent with the results from reverse transcription (RT)-PCR; Figure 2a ). We also confirmed the CCR4, Fra-2, JunB and JunD protein expression in skin-infiltrating ATL cells ( Figure 2d ).
Activation of the CCR4 promoter by Fra-2/JunB and Fra-2/JunD heterodimers AP-1 is known to function as a heterodimer of a member of the Fos family (c-Fos, FosB, Fra-1 and Fra-2) and a member of the Jun family (c-Jun, JunB and JunD) or a homodimer of the Jun family (Shaulian and Karin, 2002; Eferl and Wagner, 2003) . We, therefore, next examined the activation of the CCR4 promoter by individual AP-1 family members singly or in combination. As recipients, we used two T-cell lines, namely, MOLT-4 and Jurkat. The expression levels of AP-1 members, including Fra-2, JunB and JunD, were very low in these cell lines ( Figure 2b ). As shown in Figure 3a , only Fra-2/JunB or Fra-2/JunD potently activated the CCR4 promoter in both cell lines. We confirmed that other members of the AP-1 family (c-Fos, FosB, Fra-1 and c-Jun) were transcriptionally active by using a synthetic promoter containing two tandem AP-1 consensus-binding sites (pGL3-2xAP-1; Figure 3b ). Thus, among the AP-1 family members, only the Fra-2/JunB and Fra-2/JunD heterodimers are uniquely capable of activating the CCR4 promoter. This is highly consistent with their constitutive expression in primary ATL cells (Figure 2a) .
Recently, the mRNA of HTLV-1 HBZ has been shown to be expressed in primary ATL cells (Satou et al., 2006) . We indeed observed the expression of HBZ in some primary ATL samples (Figure 2a) . HBZ has been shown to activate JunB homodimer-or JunD homodimer-dependent transcription (Basbous et al., 2003; Thebault et al., 2004) . Therefore, we also examined the effects of HBZ as well as Tax on the CCR4 promoter in MOLT-4 and Jurkat cells. As shown in Figure 3c , HBZ alone or in combination with Fra-2, JunB, JunD, Fra-2/JunB or Fra-2/JunD showed no effect on the activation of the CCR4 promoter. Similarly, Tax had no significant effect on the CCR4 promoter either alone or in combination with Fra-2, JunB, JunD, Fra-2/JunB or Fra-2/JunD. Thus, HTLV-1 encoded HBZ or Tax neither activates the CCR4 promoter nor affects its activation by Fra-2/JunB or Fra-2/JunD.
We have also confirmed that GATA-3 is constitutively expressed in primary ATL cells and activates the CCR4 promoter (data not shown). In normal CD4
þ T cells, GATA-3 may be responsible for the selective expression of CCR4 in Th2 cells (Imai et al., 1999; Rengarajan et al., 2000) .
Specific binding of Fra-2, JunB and JunD to the AP-1 site in the CCR4 promoter We next examined the specific binding of AP-1 family members to the AP-1 site in the CCR4 promoter using the NoShift transcription factor assay, an enzyme-linked immunosorbent assay (ELISA)-like colorimetric assay that is an alternative to the electrophoretic mobility shift assay. As shown in Figure 4a , when the nuclear extracts of two control T-cell lines (MOLT-4 and Jurkat) were used, the specific binding of any AP-1 family members to the AP-1 site of the CCR4 promoter was hardly observed. On the other hand, when the nuclear extracts of two ATL cell lines (HUT102 and ST1) were used, we detected a high level of specific binding of Fra-2, JunB and JunD to the AP-1 site. These results are highly consistent with the results from RT-PCR analyses (Figure 2b ) and the luciferase reporter assays (Figure 3a) .
By using the chromatin immunoprecipitation (ChIP) assay, we further examined the binding of Fra-2, JunB and JunD to the AP-1 site of the CCR4 promoter in vivo. As shown in Figure 4b , we detected specific binding of Fra-2, JunB and JunD to the AP-1 site of the endogenous CCR4 promoter in primary ATL cells but not in normal CD4
þ T cells. These results further
Involvement of Fra-2 and JunD in ATL oncogenesis T Nakayama et al support the hypothesis that the CCR4 gene is a direct target gene of Fra-2/JunB and Fra-2/JunD heterodimers in primary ATL cells.
Effects of Fra-2, JunB and JunD small interfering RNAs on CCR4 expression and cell proliferation To examine the role of Fra-2, JunB and JunD in CCR4 expression and cell proliferation in ATL cells, we next employed the small interfering RNA (siRNA) knockdown technique. As shown in Figure 5a , Fra-2 siRNA, JunB siRNA and JunD siRNA specifically reduced Fra-2 mRNA, JunB mRNA and JunD mRNA, respectively, in two ATL cell lines. On the other hand, control siRNA showed no such effect. Under these conditions, we examined the effects of these siRNAs on CCR4 expression and cell growth. As shown in Figure 5b , Fra-2 siRNA and JunD siRNA reduced CCR4 expression by approximately 50% in both cell lines, whereas JunB siRNA had hardly any inhibitory effect and control siRNA showed no inhibitory effect. Furthermore, as shown in Figure 5c , Fra-2 siRNA and JunD siRNA significantly reduced cell proliferation in both cell lines, whereas JunB siRNA or control siRNA did not. None of the siRNAs affected the growth of the control T-cell lines MOLT-4 and Jurkat. We also compared the effects of single and double knockdown of Fra-2 and JunD on cell growth in two ATL cell lines (Figure 5d ). Compared to the effect of single knockdown of Fra-2 or JunD, no additive effect was observed by double knockdown of Fra-2 and JunD in both cell lines. These results may be consistent with the notion that Fra-2 and JunD promote growth in ATL cell lines by functioning as a heterodimer.
To further demonstrate the growth-promoting effects of Fra-2 and JunD, we performed stable transfection of Fra-2 and JunD in the control T-cell line Jurkat. As shown in Figure 5e , Jurkat cells overexpressing Fra-2 or JunD (see inset) indeed showed enhanced growth compared to those transfected with the vector alone. We were, however, unable to isolate Fra-2/JunD double transfectants in Jurkat, probably because of some adverse effects on Jurkat cells by the overexpression of both Fra-2 and JunD. Involvement of Fra-2 and JunD in ATL oncogenesis T Nakayama et al Identification of downstream target genes of the Fra-2/ JunD heterodimer in ATL cells To identify the target genes of Fra-2 in ATL cells, we compared the gene expression profiles of ATL-derived ST1 cells transfected with Fra-2 siRNA or control siRNA using the Affymetrix high-density oligonucleotide microarray. As summarized in Figure 6a , at least 49 genes were downregulated more than threefold by Fra-2 siRNA. The classification of these genes according to their biological functions shows that Fra-2 promotes the expression of genes involved in signal transduction (10 genes), protein biosynthesis and modification (8 genes) and transcription (6 genes); it also stimulates the expression of 10 genes of unknown function. Most notably, the list includes the proto-oncogenes c-Myb, BCL-6 and MDM2 (Oh and Reddy, 1999; Pasqualucci et al., 2003; Vargas et al., 2003) . As shown in Figure 6b , RT-PCR analysis verified that not only Fra-2 siRNA but also JunD siRNA downregulated these protooncogenes in two ATL cell lines. Therefore, c-Myb, BCL-6 and MDM2 are the downstream target genes of the Fra-2/JunD heterodimer in both cell lines. This prompted us to examine the expression of c-Myb, BCL-6 and MDM2 in freshly isolated primary ATL cells by þ T cells from healthy donors (purity, >96%) and primary ATL cells from two patients (leukemic cells, >90%) were immunoprecipitated with anti-Fra-2, anti-JunD or control IgG. The amounts of precipitated DNA relative to total input DNA were quantified by real-time PCR for the CCR4 promoter region containing the AP-1 site. Each bar represents the mean ± s.e.m. from three separate experiments.
T Nakayama et al Figure 6c , we indeed detected the constitutive expression of c-Myb, BCL-6 and MDM2 at high levels in primary ATL cells. In sharp contrast, normal resting CD4 þ T cells hardly expressed these proto-oncogenes.
RT-PCR. As shown in
Discussion
The AP-1 transcription factors function as homodimers or heterodimers formed by Jun (c-Jun, JunB and JunD), Fos (c-Fos, FosB, Fra-1 and Fra-2) and the ATF family proteins (Shaulian and Karin, 2002; Eferl and Wagner, 2003) . Most of them are rapidly and transiently induced by extracellular stimuli that trigger the activation of the Janus kinase (JNK), extracellular signal regulated protein kinases 1 and 2 (ERK1/2) or p38 mitogenactivated protein (MAP) kinase pathways (Shaulian and Karin, 2002; Eferl and Wagner, 2003) . The AP-1 family is known to be involved in cellular proliferation, oncogenesis and even tumor suppression, depending on the combination of AP-1 proteins and the cellular context (Shaulian and Karin, 2002; Eferl and Wagner, 2003) . Previously, by using the AP-1 site of the IL-8 promoter, Mori et al. demonstrated a strong Taxindependent expression of JunD in primary ATL cells (Mori et al., 2000) . In the present study, we have shown that Fra-2 is constitutively expressed at high levels in primary ATL cells (Figure 2a) . Furthermore, except for JunB and JunD, other members of the AP-1 family are mostly negative in primary ATL cells (Figure 2a) . Therefore, as demonstrated in the present study, the Fra-2/JunD and Fra-2/JunB heterodimers may be the major AP-1 factors constitutively active in primary ATL cells.
It has been shown that HTLV-1 Tax induces the expression of various AP-1 family members such as c-Fos, Fra-1, c-Jun and JunD (Nagata et al., 1989; Iwai et al., 2001) . We indeed observed the expression of Involvement of Fra-2 and JunD in ATL oncogenesis T Nakayama et al Figure 6 Identification of downstream target genes of Fra-2 in adult T-cell leukemia (ATL). (a) Microarray analysis. ST1 cells were transfected with control siRNA or Fra-2 siRNA. After 48 h, microarray analysis was performed using the Affymetrix GeneChip HG-U133 Plus 2.0 array. Four independent transfection samples were analysed for each group. Each column represents the expression level of a given gene in an individual sample. Red represents increased expression and blue represents decreased expression relative to the normalized expression of the gene across all samples. We computed the statistical significance level for each gene between the Fra-2-knockdown group and the control group with a mean fold change of >3 by the t-test (Po10 
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T Nakayama et al various AP-1 family members in primary ATL cells (patient nos. 1 and 5) and in some ATL cell lines expressing Tax (Figures 2a and b) . However, the constitutive expression of Fra-2, JunD and JunB in freshly isolated primary ATL cells and ATL cell lines is apparently independent from Tax expression (Figures  2a and b) . This is further supported by the finding that CCR4-expressing HTLV-1-negative CTCL cell lines also constitutively express Fra-2, JunB and JunD at high levels (Figure 2) . By using JPX-9, which is a subline of Jurkat carrying the HTLV-1 Tax gene under the control of the metallothionein gene promoter (Nagata et al., 1989) , we have also confirmed that Fra-2 is not inducible by Tax (data not shown). The CCR4 promoter was potently activated by the Fra-2/JunB and Fra-2/JunD heterodimers (Figure 3a) . Fra-2, JunB and JunD were also shown to bind specifically to the AP-1 site in the CCR4 promoter in vitro by the NoShift binding assays and in vivo by the ChIP assays (Figures 4a and b) . By using the siRNA knockdown technique, however, only Fra-2 siRNA and JunD siRNA efficiently suppressed CCR4 expression and cell growth in ATL cell lines ( Figure 5 ). On the other hand, JunB siRNA showed little such effect ( Figure 5 ). Therefore, it is likely that, at least in terms of CCR4 expression and cell proliferation, the Fra-2/ JunD heterodimer plays a more dominant role than the Fra-2/JunB heterodimer in ATL cells. It thus remains to be determined whether the Fra-2/JunB heterodimer has any specific functions in ATL.
The most striking finding in the present study is the aberrant expression of Fra-2 in primary ATL cells. Fra-2 expression is essentially absent in normal CD4 þ T cells under various conditions thus far examined (Figures 2a  and c) . Physiologically, Fra-2 is known to be expressed by various epithelial cells and in cartilaginous structures and has been shown to be required for efficient cartilage development (Karreth et al., 2004) . With regard to lymphoid cells, developing murine thymocytes were reported to express Fra-2 (Chen et al., 1999) . Previous studies have shown that individual homodimeric and heterodimeric AP-1 proteins have different functional properties and target genes (Shaulian and Karin, 2002; Eferl and Wagner, 2003) . However, little is known about the target genes of Fra-2 and even less is known about the oncogenic role of Fra-2 in human malignancies. In this study, we have shown that CCR4 is the direct target gene of Fra-2 in association with JunD in ATL cells. Furthermore, we have shown that at least 49 genes are downregulated more than threefold in the ATL cell line ST-1 by Fra-2 siRNA (Figure 6 ). Among these genes, the proto-oncogenes c-Myb, BCL-6 and MDM2 (Oh and Reddy, 1999; Pasqualucci et al., 2003; Vargas et al., 2003) are further confirmed to be dependent on the Fra-2/JunD heterodimer and to be expressed at high levels in primary ATL cells (Figure 6 ). It remains to be seen whether the Fra-2/JunD heterodimer directly induces these proto-oncogenes or indirectly maintains their expression by promoting cell growth. c-Myb is the genomic homologue of the avian myeloblastosis virus oncogene v-Myb. c-Myb is widely expressed in immature hematopoietic cells and also in various leukemias and carcinomas (Oh and Reddy, 1999; Shetzline et al., 2004; Hess et al., 2006) . The target genes of c-Myb include the anti-apoptotic genes BCL-2 and BCL-X L and also c-Myc (Ramsay et al., 2003) . Thus, c-Myb may promote the survival of ATL cells via BCL-2 and BCL-X L (Galonek and Hardwick, 2006) and also cell cycle progression via c-Myc (Dang, 1999) . BCL-6 was originally identified as the target gene of recurrent chromosomal translocations affecting 3q27 in non-Hodgkin's lymphoma. The expression of BCL-6 is frequently upregulated in diffuse large-cell lymphoma and follicular lymphoma through promoter substitution or somatic promoter point mutations (Ye et al., 1993; Migliazza et al., 1995; Chang et al., 1996) . Frequent expression of BCL-6 has also been reported in some T-cell lymphomas (Kerl et al., 2001) . The BCL-6 protein has been shown to exert cell-immortalizing and antisenescence activities (Shvarts et al., 2002; Pasqualucci et al., 2003) . Thus, BCL-6 may also inhibit apoptosis and promote cell cycle progression in ATL. The MDM2 protein is a negative regulator of p53 and suppresses p53-mediated cell cycle arrest and apoptosis (Vargas et al., 2003) . Elevated expression of MDM2 has been demonstrated in various types of human cancer (Rayburn et al., 2005) . Given that only a minor fraction of ATL cases have mutations affecting p53 (Cesarman et al., 1992) , the elevated expression of MDM2 may contribute to the functional downregulation of p53 in the majority of ATL cases.
CTCLs are a group of T-cell lymphomas derived from skin-homing memory T cells. CTCLs are not associated with HTLV-1 infection but resemble ATL and frequently express CCR4 (Ferenczi et al., 2002; Kim et al., 2005) . Furthermore, CCR4 expression has been shown to be a consistent feature of the large-cell transformation of mycosis fungoides (Jones et al., 2000) . In the present study, we have shown that CTCL cell lines also express Fra-2, JunB and JunD at high levels ( Figure 2b) . Therefore, it is likely that aberrantly expressed Fra-2 in association with Jun proteins, particularly JunD, is also involved in CCR4-expression and cell proliferation in CTCLs.
In conclusion, we have shown that aberrantly expressed Fra-2 in association with JunD is responsible for CCR4 expression in ATL and is also likely to play an important role in ATL oncogenesis in part by inducing the expression of the proto-oncogenes c-Myb, BCL-6 and MDM2. Future studies are necessary to elucidate how the Fra-2/JunD heterodimer induces the expression of these proto-oncogenes and their individual roles in ATL oncogenesis. It also remains to be seen how ATL cells aberrantly express Fra-2 at high levels. Furthermore, the expression and function of Fra-2 in CTCLs remain to be determined.
Materials and methods
Cells
All the human T-cell lines used were described previously (Nagata et al., 1989; Yamada et al., 1996; Hata et al., 1999;  Involvement of Fra-2 and JunD in ATL oncogenesis T Nakayama et al Yoshie et al., 2002) . Peripheral blood mononuclear cells (PBMC) were isolated from heparinized blood samples obtained from healthy adult donors and acute ATL patients with a high leukemic cell count (>90%) by using Ficoll-Paque (Amersham Biosciences Corp, Piscataway, NJ, USA). Normal CD4 þ T cells (purity, >96%) were further prepared from PBMC by negative selection using an IMagnet system (BD Pharmingen, San Diego, CA, USA). Activated CD4 þ T cells were prepared by stimulating CD4 þ T cells with anti-CD3 (clone HIT3a; BD Pharmingen) and anti-CD28 (clone CD28.2; BD Pharmingen) for 24 h. The preparation of naive CD4 þ CD45RA þ T cells and their polarization into Th1 and Th2 cells were performed as described previously (Imai et al., 1999) . Primary ATL cells and normal resting CD4 þ T cells were used without culture for the experiments. This study was approved by the local ethical committee and written informed consent was obtained from each patient.
Transfection and luciferase assay
The major transcriptional start site ( þ 1) of the human CCR4 gene was determined by the method of rapid amplification of cDNA 5 0 -ends and was found to be located 1797 bases upstream from the translation start codon (data not shown).
To generate a promoter-reporter construct, the 1-kb promoter region of the human CCR4 gene (À983 to þ 25) was amplified from the genomic DNA by PCR using primers based on a GenBank genomic DNA sequence (accession no. NC_000003) and inserted into the reporter plasmid pGL3-Basic (Promega, Madison, WI, USA). Deletions and site-directed mutations were also performed using PCR. pGL3-2xAP-1 was constructed by introducing a sequence containing two copies of the AP-1 consensus binding site (TGATGACTCAGCCG-GAATGATGACTCAGCC) in front of a minimal CCR4 promoter pGL3 (À96/ þ 25; Figure 1b) . The coding regions of human FosB and GATA-3 were amplified from a cDNA library generated from phytohemagglutinin (PHA)-stimulated PBMC by PCR and cloned into the expression vector pSG5 (Stratagene, La Jolla, CA, USA). The coding region of HTLV-1 HBZ was amplified from a cDNA library generated from the HTLV-1 þ T-cell line C8166 by PCR and cloned into the expression vector pEF4/myc-His A (Invitrogen, Carlsbad, CA, USA). The expression vectors for c-Fos, Fra-1, Fra-2, c-Jun, JunB, JunD and Tax were described previously (Iwai et al., 2001) . Cells (5 Â 10 5 ) were transfected with 2 mg of reporter plasmid, 0.5 mg of expression plasmids for various transcription factors and 1 mg of pSV-b-galactosidase using DMRIE-C (Invitrogen). After 24-27 h, luciferase assays were performed using a Luciferase Assay kit (Promega). Luciferase activity was normalized by b-galactosidase activity that served as an internal control for transfection efficiency.
RT-PCR
RT-PCR was carried out as described previously (Yoshie et al., 2002) . The primers used were as follows: þ 5 0 -AAGAA GAACAAGGCGGTGAAGATG-3 0 -GCCTGCTTCACCA CCTTCTTGATGTC-3 0 for glyceraldehyde-3-phosphate dehydrogenase (GAPDH). The amplification conditions were denaturation at 94 1C for 30 s (5 min for the first cycle), annealing at 60 1C for 30 s and extension at 72 1C for 30 s (5 min for the last cycle) for 34 cycles for CCR4; 35 cycles for c-Fos, FosB, Fra-1, Fra-2, c-Jun, JunB, JunD, HBZ, Tax, c-Myb, BCL-6 and MDM2; 29 cycles for GATA-3 and 27 cycles for GAPDH. Amplification products were electrophoretically run on a 2% agarose gel and stained with ethidium bromide.
Quantitative real-time PCR was carried out using the TaqMan assay and a 7700 Sequence Detection System (Applied Biosystems, Foster City, CA, USA). The conditions for PCR were 50 1C for 2 min, 95 1C for 10 min and then 50 cycles of 95 1C for 15 s (denaturation) and 60 1C for 1 min (annealing extension). The primers and fluorogenic probes for CCR4 and 18S ribosomal RNA were obtained from a TaqMan kit (Applied Biosystems). Quantification of CCR4 expression was performed using the Sequence Detector System Software (Applied Biosystems).
NoShift transcription factor assay Anti-c-Fos (sc-52), anti-FosB (sc-7203), anti-Fra-1 (sc-22794), anti-Fra-2 (sc-604), anti-c-Jun (sc-1694), anti-JunB (sc-73) and anti-JunD (sc-74) were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Transcription factors bound to specific DNA sequences were identified using the NoShift Transcription Factor Assay Kit (EMD Biosciences, Madison, WI, USA). Nuclear extracts were prepared from human T-cell lines by using the NucBuster Protein Extraction Kit (EMD Biosciences). The oligonucleotides used were as follows (differences underlined): TGGGAAATGACTAAGAATCAT for the biotinylated probe and unlabeled competitor of the AP-1 site and TGGGAAATGTCAAAGAATCAT for the mutated AP-1 site.
ChIP assay
This assay was performed using a ChIP assay kit (Upstate Biotechnology, Lake Placid, NY, USA) following the manufacturer's instructions. In brief, cells (1 Â 10 6 ) were cross-linked with 1% formaldehyde for 10 min at room temperature. The cell pellets were lysed with sodium dodecyl sulfate (SDS) lysis buffer and sonicated to shear DNA to a size range between 200 and 1000 bp. After centrifugation, the supernatant was diluted 10-fold in ChIP dilution buffer and incubated overnight at 4 1C with 4 mg of anti-Fra-2 (sc-604), anti-JunB (sc-73), anti-JunD (sc-74) or normal rabbit IgG (DAKO, Kyoto, Japan). Immunocomplexes were collected by adding protein A-agarose beads. The immune complexes were incubated at 65 1C for 4 h to reverse the protein/DNA cross-links. DNAs were then purified by phenol/chloroform extraction and used as templates for quantitative real-time PCR. The primers and the fluorogenic probe for the AP-1 site of the CCR4 promoter were as follows: primers: þ 5 0 -GGTCTTGGGAAATGACT AAGAATCA-3 0 and À5 0 -TCTCCCTCACCCAACTGTACT AAGT-3 0 ; probe: 5 0 -TCTGCTTCCTACTTCTATCAAA AAACCCCACTTG-3 0 .
Immunological staining Cells were spotted on a glass slide and fixed with 4% paraformaldehyde. Tissue sections were prepared from formalin-fixed and paraffin-embedded biopsy tissue samples and subjected to microwave irradiation for 5 min three times in Target Retrieval Solution (DAKO). Slides and tissue sections were incubated for 1 h at room temperature with anti-Fra-2 (sc-604), anti-JunB (sc-73), anti-JunD (sc-74) or mouse monoclonal anti-CCR4 (KM-2160; Kyowa Hakko, Tokyo, Japan). Normal rabbit IgG and control mouse IgG 1 (DAKO) were used as negative controls. After washing, the slides and tissue sections were incubated with biotin-labeled goat antirabbit IgG or biotin-labeled horse anti-mouse IgG followed by detection using the Vectastain ABC/HRP kit (Vector Laboratories, Burlingame, CA, USA). Finally, cells and sections were counterstained with Gill's hematoxylin (Polysciences, Warrington, PA, USA), dehydrated and mounted.
Transfection of siRNA siRNAs for Fra-2 (SI00420455), JunB (SI03077445), JunD (SI00075985) and the negative control (1022064) were obtained from Qiagen (Hilden, Germany). Transfection experiments were performed using Amaxa Nucleofector (Amaxa, Cologne, Germany). Cells (1 Â 10 6 ) were resuspended in 100 ml of Nucleofector solution (T solution for MOLT-4, HUT102 and ST1 and V solution for Jurkat) and transfected with 2.5 mg of siRNA using program O-17 for MOLT-4, HUT102 and ST1 and program S-18 for Jurkat. The transfection efficiency was B95% as determined using fluorescent siRNA (Qiagen).
Cell proliferation assay
Cells were seeded in a 96-well plate at a density of 0.5 Â 10 4 per well and cultured. The number of viable cells was determined every 24 h on a FACSCalibur system (Becton Dickinson, Mountain View, CA, USA) by gating out cells stained with propidium iodide. To prepare stable transfectants of Fra-2 and JunD, the coding regions of human Fra-2 and JunD were inserted into the pIRES2-EGFP vector (BD Biosciences, San Diego, CA, USA). Jurkat cells were transfected with the plasmids using DMRIE-C (Invitrogen). Stable transfectants expressing green fluorescence protein were sorted by flow cytometry using FACSVantage (Becton Dickinson).
Oligonucleotide microarray
Microarray analysis was performed as described previously (Igarashi et al., 2007) using the Affymetrix GeneChip HG-U133 Plus 2.0 array (Affymetrix, Santa Clara, CA, USA). In brief, the ATL-derived cell line ST1 was transfected with control siRNA or Fra-2 siRNA. Four independent transfections were performed for each group. After 48 h, total RNA samples were prepared and confirmed to be of good quality with the Agilent 2100 Bioanalyzer (Agilent Technologies, Waldbronn, Germany). All microarray data have been submitted to the Gene Expression Omnibus (GEO; http:// www.ncbi.nlm.nih.gov/geo; accession no. GSE6379). The analysis was performed using the BRB Array Tools software version 3.3.0 (http://linus.nci.nih.gov/BRB-ArrayTools.html) developed by Richard Simon and Amy Peng.
